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  Abstract:Thechargeoffuelairexplosive(FAE)warheadisusuallyasolid-liquidmixedfuel,whichcon-
tainsporestomeettheusageandreservation.Thisstudyhasinvestigatedtheinfluenceofporesizeonthe

launchingsafetybyanalyzingthephysicalprocessoftheporecompressing.Acriterionisproposedtodistin-
guishtheinfluenceofporesizeonchargesafetyinlaunching,andaquantitativerelationshipofthelaunching
acceleration,thesizeoftheporeandthetemperatureofporeinadiabaticcompressionhasbeenestablished.
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1 Introduction
  Fuelairexplosive(FAE)weaponhasstrongexplosionpowerandobviousdamagesuperiority,so
ithasbeenfollowedwithuniversalinterestinmanycountries.ThehighFAEfuelusuallyissolid-
liquidmixed.Themixedfuelmustmeetnotonlythedemandofthedetonativepowerbutalsothe
demandofweaponpropertiesinuseandreserve.Oneofthepropertiesistoensurethephysical
stabilityofthesolid-liquidmixedfuelchargedinthewarheadcaseofweaponintheprocessofuseand
reserve.Thesolidcomponentinthemixedfuelisaluminumpowder.Theremustbeporesinthemixed
fueltomeettheneedofphysicalstabilityofthemixedfuel.Theporesizemaynotexceedthatofthe
aluminumpowdergrain.Theporesmaybecompressedquickly,whichcanmakethetemperature
heightened.Thereforetheporesinmixedfuelhaveanimportantinfluenceonthefuel’ssafetyin
processoflaunchingwarhead.

Theformeraboutthechargedexplosivelaunchingsafetystudiesconcentratesprimarilyinthe
solidexplosive[1~25].Thesolid-liquidmixedfuelisquitedifferentfromthesolidexplosiveinthephysi-
calandmechanicalproperties,sothelawabouttheinfluenceofflawsinthemixedfuelmediumon
launchingsafetycannotbeexplainedbythecorrespondingconclusionsofthesolidexplosive.Thelit-
eraturesontheinvestigationofthisaspecthavenotbeenavailablenow.

2 ThePores’AdiabaticCompressionCausedbytheAccelerationofLaunching
  Inprocessofwarheadlaunching,thepropellantspushthebottomofthewarheadandproduce
shockeffecttothemixedfuelinthewarheadcase.Thestresswaveisproducedatthebottomofthe
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warhead,ittransmitsfromthebottomtothetopinthefuelmediuminthewarheadcase.Underthe
actionofthestresswave,theporesinfuelmediumarecompressed.Whentheporesarecompressed,

heatwillbeproduced.Thetemperatureofthemediumintheporesisheightened,thetransmissionof
thestresswaveissoinstantaneousthatthetransmissionoftheheatproducedcanbeignored.There-
foretheprocessoftheporesbeingcompressedcanbeconsideredasanadiabaticprocess.

Theporesinsolid-liquidmixedfuelcontainboththevolatilegasofliquidingredientandair.When
itisconsideredaspolytropicgases,itsspecificheatcapacitycvisaconstant.Theconservationequation
oftheinnerenergyis

de
dt +pdvdt =dQdt

(1)

Intheequation,eistheinnerenergy,pthepressure,vthecapacity,Qtheheatquantity,tthetime.For
anadiabaticproblem,thereisdQ/dt=0,thenEq.(1)becomes

de
dt =-pdvdt

(2)

Thestateequationofpolytropicgasesis
pvγ=A (3)

Whereγispolytropicindex,Aisaconstant
A=p0vγ

0 (4)

Wherep0istheinitialpressure,v0istheinitialspecificcapacityofthemediuminthepores.Forpoly-
tropicgases,obtainfromEq.(2)

cvT=pv/(γ-1) (5)

WhereTistheinstantaneoustemperatureofthecompressedmediuminthepores.Theporesinthe
mixedfuelcontaintheairandthevaporizedgasfromliquidcomponents.Thegasvaporizationhas
somethingtodowithtemperature.Theheatcapacityofthevaporizedgaswillbeobtainedthrongthe
experiments,whichistobedoneinthefuture.Thattheborecontainsonlyairisconsideredapproxi-
matelyinthepaper.Supposingthemediumintheporesinthemixedfuelisair,cvtheheatcapacityof

theair,whichchangescorrespondingtothetemperature[26].ForT=100~2500K,thereiscv=(0.74
~1.21)kJ/(kg·K);approximatelyanalyzing,takecv=1kJ/(kg·K).Forair,p0=0.1 MPa,

ρ0=1.25kg/m3,γ=1.4.Thetemperatureofthemediumintheporesunderdifferentpressuresis
availablefromEqs.(3)~(5).Ifthepressureintheporesp=200MPa,thenT=1754K.Forthe
mixedfuelingredientssohightemperatureobviouslyisdangerous,whichmaycausethechargedfuel
explosion.Similarly,Table1canbeobtained.

Table1 Thetemperatureofthemediuminthepores

underdifferentpressure

p/(MPa) T/(K) p/(MPa) T/(K)

2 470 100 1439

4 573 200 1754

20 908 400 2139

  Accordingtothedefinitionoftheinneren-
ergy,thereis

de (= ∂e
∂ )T v

dT (+ ∂e
∂ )v T

dv=-pdv

Fortheincompressible medium,dv=0,the
aboveequationbecomes

de (= ∂e
∂ )T v

dT=0

Theinnerenergychangescorrespondingtothetemperature,namely(∂e/∂T)v췍0sodT=0.Thatisto
say,fortheincompressiblemediumoverloadingpressurecan’theightenthetemperature.Soifporesin
thechargeareinexistent,thehightemperaturewillnotbeproducedowingtotheadiabaticcompres-
sioninlaunchingprocessofwarhead.Thelaunchingwillbesafeunderthiscondition.
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3 OverloadingStressandtheRateoftheStress
  Inthelaunchingprocess,thewarheadispushedfromitsbackbythepressureinthebore,the
stresswavetransmitsfromthebottomtothetop.Theloadstrengthinthebottomchargeinthewar-
headcaseismaxim,whichshouldbekeyforlaunchingsafetyofthechargedexplosive.Onthestress
wavefrontinthefuelmediuminthewarheadcase,thestressaugmentsalongwiththetime,whichcan
beexpressedby(dσ/dt).Thestressatsomepointinthefuelmediuminthewarheadcasewillchange
alongwiththetime(Fig.2).Ifthesizeoftheporesinthefuelmediuminthewarheadcaseissmall
enough,underthelessstressaction,porescanbeclosed.Inthisprocessthestressstartsfromzeroto
thesomevalue.Theadiabaticcompressionintheporescan’tbringhightemperature,accordingasthe
equationofconversationofmomentum.Forthestresswavefrontinthefuelmedium,thereis

dσf=ρfcfdvf (6)

Whereσfistheinstantaneousstressofthestresswavefront,vftheparticlevelocityofthestresswave
front,ρftheinitialdensityofthemixedfuelmedium;cfthelongitudinalwavevelocityofthefuelmedi-
um.Eq.(6)maybeintegratedas

σf=ρfcfvf (7)

Fig.1 Thelaunchingprocess
ofthewarhead

Fig.2 Thestresswaveofthefillingmedium
inthewarhead

  Undertheactionofthestresswave,theporesinthemixedfuelmediumshrinkgradually,andthe

pressureintheporeheightensbydegrees.Whenthepressureintheporeisequaltothatonthelocal

stresswavefront,theporestopshrinking.

Asthestresswavetransmitsinthefuelmedium,itwillbereflectedontheinterfacebetween

solid-liquidfuelandgaswhichistheporeboundary.Thepressureintheporesisenlargedbydegrees

whentheyarecompressed.Itsminimumistheinitialpressure.Thegashasgoodcondensability,sobe-
foretheporeshutsthepressureintheporeattainsmaximum.Themaximumisthelocalstresswave’s

pressure.Theinitialpressureisminimum.Thepore’sboundaryiscorrespondingtoafreesurface.The

velocityofthefreesurfaceisdoubletheparticlevelocityoftheincidencestresswave.Beforethepores

areclosed,thepressureismaximal,Atthistime,theboundarywilldisappear,andtheparticlevelocity
isequaltothelocalparticlevelocityonstresswavefront.Thereforeinprocessofporesbeingclosed

theshiftvelocityofthepore’sboundarychangesasthefollowingequationdescribed

ve=(1~2)vf (8)

Whereveistheshiftvelocityofpore’sboundaryundertheactionofthestresswave.Supposethesize

oftheporesinthefuelmediuminthewarheadcaseisl,thenthetimeneededbyclosingtheporesare
determinedbythefollowingequation

dl
dt=(1~2)vf (9)
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Approximatelyanalyzing,take
dl
dt=1.5vf

Themagnitudeofthestresswaveinthefuelmediumofthewarheadisrelatedtotheoverloading

process,theparticleaccelerationoftheinterfacebetweenthefuelandthewarheadcasebottomis

launchingaccelerationonthestageofstresswaveoverloading
dvf(t,x0)
dt =a (10)

Whereaisthewarheadlaunchingaccelerationwhichisaconstantapproximately.tcanbecalculated

outthroughtheupperEqs.(9)and(10)

t= 2l/1.5a (11)

Ingeneral,theaxialsizeofthewarheadismuchbiggerthantheradialsize,sothatthestresswave

formedduringthelaunchingprocesscanbeconsideredasone-dimensional.Therefore,thereis

σ̇f =ρfcḟvf (12)

Wherėσf =dσf/dt.Atthebottomofthewarheadcase,thereis

σ̇f =ρfcfa (13)

Theaccelerationaapproximatelyisaconstantduringthelaunchingprocess,andσfisalsoaconstant

whichcanbeseenfromEq.(13),therefore

σ=̇σft (14)

Whentheporeisclosed,σecanbecalculatedoutthroughEqs.(11)and(14).

σe=ρfcf 2la/1.5 (15)

  Thebiggertheacceleration,thebiggerthepressureinthecompressedporeandthebiggerthe

poresize,thebiggerthepressureinthecompressedpore.Thebiggerpressureinthecompressedpore,

willformthehighertemperatureduringthecompressedprocess,risingtheproblemoflaunchingsecu-
rity.Itismoredisadvantageoustolaunchinthesafety,whichcanbeknownfromEq.(15).Thepore

sizeisrelatedtothechargetechnologyandthemixedfuelcomponents.Theporesizeisdecidedbythe

solidgrainsizeofthefuelcomponentswhichcannotbebiggerthanthemaximalsizeofthesolidgrain

undertheconditionofagoodchargetechnology.

4 TheDeterminantofthePoreSizeEngenderingExplosion

  Supposeρf=1430kg/m3,cf=300m/s,a=100km/s2,l=70μm,andwecangetthatσe=4MPa

fromEq.(15).Thecorrespondingtemperatureproducedbyadiabaticcompressoftheporesis573K,

whichcanbeacquiredfromTable1.Theremaybeaccidentsofexplodingaheadofscheduleinlaunch-
ingofwarheadifthespontaneouscombustiontemperatureofthemixedfuelcomponentsislowerthan

573K.

UsingthetestsystemdescribedasFig.(3)totestthecriticaldetonationtemperatureofthe

mixedFAEfuelandgettingthevalueofthecriticaldetonationtemperatureis483K,accordingtothe

valueofthecriticaldetonationtemperatureandtheheightenedvalueofthetemperaturecomingfrom

thepores’adiabaticcompression,thefuellaunchingsafetycanbeforecasted.
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Fig.3 Thedeviceforcheckingcriticaldetonationtemperatureofthefuel

5 TheProblemonDesigningParametersoftheLaunchingSimulationDevices
  Forthesakeofcheckingthewarheadchargelaunchingsafety,launchingexperimentisdoneby

thesimulationdevicewhichisbeneficialtothesafetyandreducethecostoftheexperiment.Itisdiffi-

cultforthesimulationdevicetosimulatetothepracticallaunchingdeviceintheaspectsofsizeand

physicsprocesscompletely.

Theaimofthesimulationdeviceistoexaminethechargelaunchingsafety,sothesimulation

deviceshouldhavepertinentparameterstokeepthecheckingeffectivenessonthechargelaunching

safety.

Thechargelaunchingsafetyprimarilyliesonthechargemassandthechargephysicalflaws
(cracks,pores)whichhavevitalinfluenceonthelaunchingsafety.Thechargephysicalflawsparame-

tersofthelaunchingprocessshouldbepaidparticularattentionwhiledesigningthelaunchingsimula-

tiondevice.

Theparametersthatinfluencethechargelaunchingsafetyareacceleration,thepropellantpressure

inthechamberandthetimeoftheoverloading.Thestressinthebottomofchargeinthewarheadcase

willbecausedbytheoverloadingacceleration.Thepropellantpressureinthechamberinfluencesnot

onlyontheoverloadingaccelerationbutalsoonthemagnitudeofthestresswaveinthemixedfuelof

thewarheadundertheconditionofagivenwarheadmass.Theinfluenceoftheoverloadingtimeonthe

chargelaunchingsafetyhasbeenrealized,buttherehasbeennoquantitativeresearchavailableuntil

now.

Therecan’tbecracksinthefillingprocessbecausethefuelissolid-liquidmixed,sotheporesis

thesoleflawforthemixedfuelcharge.Fromthatweknowthelaunchingoverloadingsimulationde-

vicesshouldsatisfyfortheminimaloverloadingtimethatcanbeacquiredfromtheEq.(11).Themin-

imaloverloadingtimeisdecidedbythesizeofthechargeporesandtheoverloadingacceleration.

Supposel=70μm,a=100km/s2,theminimaloverloadingtimecanbecalculatedoutfrom

Eq.(11):t=2.3μs.Inordertokeepthefeasibilityofthesimulationdevicecheckingthewarhead

chargesafetythesimulationdeviceoverloadingaccelerationtimeshouldnotbelessthan2.3μs,which

iseasilytobesatisfied.
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6 Conclusions

  Theporesizeofthemixedfuelmediuminthewarheadcaseplaysanimportantroleonthecharge

launchingsafety.TheFAEweaponisusuallyfilledbysolid-liquidmixedfuel,whichhasbigdifferent

fromthetraditionalsolidexplosivesonthephysicalandmechanicalproperties.Thepores’sizeand

theirdistributingstatearecompletelydifferentfromthetraditionalsolidexplosiveseither.Therefore,

thetheoriescalculatingmechanicalactionofthelaunchingprocessforthemixedfuelcannotbesub-
stitutedbythatofthetraditionalsolidexplosive.Thedeterminantrulesofexplosionaheadofschedule

havebeenfoundedthroughanalyzingporescompressingphysicalprocessamongthemixedfuelinthis

paper.ThetheoreticalfoundationforthedesigningoftheFAEfuelcomponentsandthemethodsfor

determiningtheFAEweapons’launchingsafetyarealsoprovidedinthisstudy.
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发射过程中混合燃料介质内
孔隙的绝热压缩

张 奇,纪艳华,白春华,闫 华,赵永涛,
罗艾民,付智敏

(北京理工大学爆炸灾害与预防控制国家重点实验室,北京 100081)

  摘要:燃料空气炸药武器战斗部装填的云爆剂一般是固液混合态,固液混合药剂介质内

部难免存在孔隙,孔隙尺度对发射安全性有重要影响。通过对孔隙压缩物理过程的理论分析,
研究孔隙尺度对混合燃料发射安全性的影响,建立了相应的判别准则,给出发射过载加速度、
混合燃料介质内孔隙尺度、孔隙绝热压缩温度之间的定量关系,并提出了发射模拟装置设计应

考虑战斗部内装药缺陷的有关参数,给出相应的设计依据。固液混合燃料介质内孔隙的尺度

越小,其压缩产生的温度越低,抗过载能力就越强。如果圆形孔隙的直径为70μm,在发射过

载加速度为100km/s2的情况下,孔隙压缩产生的最高温度约573K。将该值与固液混合药剂

能够承受的临界温度进行比较,就可判断药剂在发射过载过程中的安全性。

  关键词:燃料空气炸药;发射安全性;绝热压缩;战斗部

  中图分类号:O389;TQ564.4     文献标识码:
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